Introduction
Internal and ordered surface waters of biological molecules often play significant roles in stabilizing protein structures through the formation of bridging hydrogen-bonds 1 and also in enzymatic mechanisms. 2, 3 Much effort has been put into the kinetic and structural characterization of these water molecules. Although bound water molecules are often present in highresolution X-ray crystal structures of proteins and nucleic acid, [4] [5] [6] [7] it is not possible to determine whether these water molecules arise from crystal packing forces or are intrinsic components of the macromolecules from X-ray crystallography. Several hundred water molecules that make contact with the surface of a small protein are considered much more mobile. 8 The relationship between hydration in solution and the water sites that are found in the crystal structure is not well understood.
In NMR studies, ROESY experiments can distinguish interactions between protein protons and water molecules arising from through-space (< 4 Å) nuclear Overhauser effects and chemical exchange, as these two processes give rise to cross-peaks of opposite sign. [9] [10] [11] [12] Although NMR methods for studying macromolecular bound water molecules in solution have generally been based on (timeconsuming) 3D sequences such as ROESY-HMQC, 13 -17 more recent approaches have taken advantage of selective excitation of the water resonance to reduce the dimensionality. [18] [19] [20] [21] [22] We recently presented 2D sequences 19 that incorporate the double pulsed field gradient spin-echo (DPFGSE) sequence [23] [24] [25] to provide superior selective excitation, but without the phase distortion problems that are often associated with the use of conventional selective excitation.
The efficiency of the sequence was demonstrated using 15 N-labeled ribonuclease T1 (RNase T1). The three-dimensional structure of the free form of RNase T1 is characterized by an N-terminal two-stranded antiparallel β-sheet followed by an α-helix, and a central fivestranded antiparallel β-sheet (Fig. 1) .
Most water molecules observed in crystal structures are directly or indirectly hydrogen-bonded and form a network with other water molecules, polar backbones or side-chain groups of the protein. A structural characterization of bound water molecules in ribonuclease T1 (RNase T1) was carried out by nuclear magnetic resonance spectroscopy and molecular dynamics simulation. Amide protons of residues Trp59, Leu62, Tyr68 and Phe100 were found to cross-relax with protons of bound waters. Molecular dynamics simulations of the 120 water molecules observed in the free form of the crystal structure indicate that these amide protons donate hydrogen bonds to the less mobile water molecules. Hydrogen-bonded chains of the water molecules that are identified in the simulation study are located in the hairpin-like loop of RNase T1, comprising residues 62 to 76. The temperature factors of the observed water molecules in the crystal structure are very low, indicating that these bound waters are intrinsic components of RNase T1. The ribbon model was generated using the program MOLSCRIPT. 30 can usually be determined, the orientations of the two O-H bonds cannot. The detection of water molecules by NMR spectroscopy depends on observations of the correlations between protein protons and those of water molecules; these provide geometrical information on the proton atoms. Several approaches have been used to study water molecules bound to RNase T1, including protein engineering, X-ray crystallography and NMR, 22,26 however, the exact positions of the water protons have not been clarified.
We present here a detailed conformational analysis of bound water molecules in RNase T1 using heteronuclear NMR techniques and molecular dynamics simulations. The computed proton positions of the bound water molecules were in good agreement with the NMR result, and the unique chain formation of water molecules connected by the hydrogen bond network was identified to be the same as was suggested in the high-resolution crystal structure of RNase T1. 27 
Experimental

Expression and purification of RNase T1
Recombinant RNase T1 was expressed in E. coli strain HMS174(DE3) grown at 37˚C in M9 medium using the expression vector pET25b (Novagen). Overexpression of RNase T1 was induced at an OD600 of 0.5 by adding isopropyl-1-thio-β-D-galactopyranoside (IPTG) to a final concentration of 0.5 mM. The fermentor was then thermostated to 30˚C for an additional 14 -16 h. The cells were harvested by centrifugation. The recombinant RNase T1 was released from the periplasmic space by osmotic shock treatment, and purified using a Sephadex-75 column 16 × 60 (Amersham Biosciences). The solution of RNase T1 (17 mg/30 mL) was fully dialyzed against deionized water (4 L × 8) for three days and subsequently lyophilized.
NMR spectroscopy
All of the spectra were recorded using a 1.0 mM sample of 15 N-labeled RNase T1 containing 10 mM sodium acetate buffer (pH 5.0) and 10% 2 H2O at 40˚C on a JEOL alpha 600 spectrometer. The experimental parameters used for the DPFGSE 2D 1 H-15 N ROESY-HSQC were: mixing time, 80 ms; data size in t1, 64 complex points; data size in t2, 1024; spectral width in f1, 2428 Hz; spectral width in f2, 8000 Hz; number of transients per increment, 1280. The total duration of the experiment was approximately 60 h. In the DPFGSE 2D NOESY-HMQC and TOCSY-HMQC measurements, the experimental parameters used were mixing time, 80 ms; number of transients per increment, 128 for the NOESY experiment, and mixing time, 50 ms; numbers of transients per increment, 64 for the TOCSY experiment. The total durations of the experiments were approximately 24 h and 12 h for the NOESY and TOCSY experiments, respectively. The other experimental parameters were identical in all three measurements.
Computer simulations
Conformational calculations were performed with the CHARMM molecular modeling package 28 and the Insight II package (Accelrys Inc., San Diego, CA).
Low-energy conformations of bound water molecules in RNase T1 were computed using molecular dynamics (MD) simulation followed by energy minimization. The crystal structure of the free form of RNase T1 determined at 1.5 Å resolution 27 (pdb code: 9rnt) was used as the initial structure. All atoms located within 9.0 Å from any water oxygen atoms in the crystal structure were considered in the calculations, and the other atoms were kept rigid to simplify calculation and to reduce the required computation time. For the atoms which were involved in the calculations, heavy atoms were allowed to move only when the movements were energetically favorable, while hydrogen atoms were allowed to move without any restriction. The conditions used in all MD simulations were a time step of 1.0 fs and a temperature of 298 K.
The heating, equilibration and simulation periods were 0.6 ps, 0.9 ps and 2.0 ps, respectively. The properties of hydrogen bonds were calculated using Insight II, and structural figures were generated with MOLSCRIPT 29 and Insight II.
Results and Discussion
NMR studies
In the DPFGSE 2D ROESY-HSQC experiment, the DPFGSE sequence only excites signals within an effective bandwidth of 100 Hz of the water resonance frequency; all the signals outside this bandwidth are dephased. The use of DPFGSE avoids the phase modulation that often occurs as a result of selective pulses. During the subsequent mixing time, protons resonating at the water position (i.e., water and some H α/β protons) interact with protein protons through cross relaxation and/or chemical exchange. Thus, the selected water magnetization is transferred to amide protons, followed by detection using a WATERGATE-HSQC scheme.
A DPFGSE 2D 1 H-15 N ROESY-HSQC spectrum of 15 Nlabeled RNase T1 is shown in Fig. 2 . The observed water proton-amide proton cross peaks were classified into the three categories proposed by Kriwacki et al. 18 Cross peaks in category I, which are of interest in this study, arise from bound water proton-amide proton spin-spin cross relaxation (positive NOESY peaks, negative ROESY peaks, and no TOCSY peaks); those in category II arise from water proton-amide proton exchange (positive NOESY and ROESY peaks, and no TOCSY peaks); and those in category III arise from α/β-proton-amide proton cross relaxation as the result of degeneracy of the α/β-proton resonance with that of water (positive NOESY and TOCSY peaks, and weak positive ROESY peaks). The amide protons of Trp59(N ε H), Leu62(NH), Tyr68(NH) and Phe100(NH) belong to category I. Both serine and threonine residues are excluded from the above categorization. Since the average distances between the backbone NH and the hydroxyl side-chain proton in these residues are approximately 2.0 Å, an indirect pathway comprising an ROE from the backbone NH to the hydroxyl side-chain proton and some exchange between the hydroxyl proton and water is more probable than a direct pathway. 13 Two residues in category I, Leu62 and Tyr68, are involved in the hairpin-like loop 3 (L3) of RNase T1 that comprises residues 62 to 76, and residue Trp59 is positioned in close proximity to L3. Residue Phe100 is positioned in β-strand 5 comprising residues 100 to 103 near the C-terminus, and its amide proton donates a hydrogen bond to Glu46(O γ ) in the crystal structure. The C-terminal region is expected to be less flexible due to the disulfide bond between the residues Cys6 and Cys103. In the high resolution (1.5 Å) crystal structure of RNase T1, 27 the amide protons in this category donate hydrogen bonds and are in close proximity to water molecules with very low temperature factors ( Table 1 ), indicating that these water molecules are intrinsic components of RNase T1.
Conformation of bound water molecules
The energetic and structural results of the CHARMM computational experiments yielded information about the preferred conformation of bound water molecules in RNase T1. The inter-proton distances between bound waters and amide groups cross-relaxing with bound water protons are listed in Table 1 . The distances were calculated using the 200 coordinates generated during the MD simulation; all interproton distances were in the range 2.35 -3.29 Å. This was in agreement with the observed NMR ROE cross peaks.
In the high resolution (1.7 -1.9 Å) crystal structures of RNase T1 complexed with guanosine, guanosine 2′-phosphate, guanylyl 2′,5′-guanosine and vanadate, there are 30 water sites in nearly identical (± 1 Å) positions that are considered conserved. 30 The highly conserved water molecules are generally not involved in crystal lattice contacts, and are located in crevices, are shielded from bulk solvent, and have mostly low temperature factors. The temperature factors are in the range 7.1 -67.1 Å 2 with a mean of 38.4 Å 2 for all the water molecules in the RNase T1-vanadate complex. For the conserved water molecules, the range is 11.0 -41.3 Å 2 with a mean of 22.2 Å 2 ; 30 this value is comparable with the mean temperature factor for the water molecules identified in this study, 16.2 Å 2 . Most notable is a hydrogen-bonded chain of 10 water molecules located at the interface comprising α-helix (residues 13 -29), β-strand 5 (residues 76 -81), and β-turn t6 (residues 62 -65). In the crystal structure of the free form of RNase T1, the two strands of L3 comprising residues 62 -76 are connected together by a chain formation of four well-defined water molecules; W107, W108, W110 and W113, with very low temperature factors (8.9 -12.8 Å 2 ), anchored at Trp59(N ε H).
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This hydrogen-bonded chain formation is also identified in the present MD simulation study (Fig. 3) , which properly accounts for the water structure of RNase T1. Without the insertion of these water molecules, L3 is expected to collapse into an antiparallel β-structure. 30 The present results indicate that this method is highly amenable to the structure-based interpretations of bound waters using 15 N-labeled proteins of which expression level is quite low, and leads to a better understanding of the functional role of water in macromolecules. Fig. 3 The energy-minimized conformation of the water chain located at the hairpin-like loop3 of RNase T1. Dashed lines indicate possible hydrogen bonds.
